Because accelerator-based boron neutron capture therapy (BNCT) systems are planned for use in hospitals, entry into the medical room should be controlled as hospitals are generally assumed to be public and safe places. In this paper, computational investigation of the medical staff effective dose during BNCT has been performed in different situations using Monte Carlo N-Particle (MCNP4C) code and two voxel based male phantoms. The results show that the medical staff effective dose is highly dependent on the position of the medical staff. The results also show that the maximum medical staff effective dose in an emergency situation in the presence of a patient is~25.5 mSv/s.
Introduction
Boron neutron capture therapy (BNCT) is a method of external radiotherapy [1] . In this method, after labeling the cancer cells with the 10-boron carrier drug, cancer cells will be irradiated with lowenergy thermal neutrons. The released high energy a and 7 Li particles from the 10 B(n,a) 7 Li reaction can destroy the cancer cells [2] .
Neutron sources for BNCT currently have been limited to nuclear research reactors such as FiR1 in Finland [3] , THOR in Taiwan [4] , and JRR4 in Japan [5] . Nowadays, accelerator-based neutron sources for hospital based BNCT facilities are being focused on to develop the BNCT technique as a routine radiation therapy [6e8] . The typical BNCT treatment time is~15e45 minutes [2] . During the irradiation time, a 20e25 Gy-eq dose will be delivered to the tumor tissue [2] .
From a radiation protection point of view, the effective dose to the patient during BNCT should be known because excessive radiation exposure can potentially cause cancer and genetic defects [9] . There are some published works related to assessment of the patient effective dose during BNCT [10e12], but our knowledge regarding the effective dose to the medical staff (or any other healthcare workers) in emergency situations in which the medical staff need to be in the irradiation room during BNCT is poor. The main objective of this research is to evaluate the medical staff effective dose during BNCT. To do this, the BNCT neutron beam of the Tehran Research Reactor (TRR) has been considered as a typical BNCT beam [12] , and, using the MCNP4C Monte Carlo code [13] , two whole body voxel-based male phantoms have been simulated simultaneously to represent the patient and the medical staff, as shown in Fig. 1 . Two different situations have been studied: (1) Situation 1, the patient is not in the irradiation room and the neutron beam port is not closed; and (2) Situation 2, both the patient and medical staff are in the irradiation room.
In each situation, the effective dose to medical staff has been calculated in four different positions, as shown in Fig. 1 .
Materials and methods

Neutron beam properties
As mentioned above, a typical BNCT beam has been used in this study; its characterization is described in detail in Ref. [12] . The neutron and gamma sources have been defined as the surface sources which are divided into 10 regions, as shown in Fig. 2 . Each region has its own neutron and gamma specifications, which are presented in Table 1 [12] . These neutron and gamma data have been defined as the neutron and gamma sources for dose calculation in the two separate MCNP input files.
The voxel-based phantom
The voxel-based phantom has been used according to the International Commission on Radiological Protection (ICRP) publication 110 [14] .
The ICRP 110 male phantom is 177.6 cm in height and 73 kg in weight. It includes 254 Â 127 Â 222 voxels. The size of each voxel is 2.137 Â 2.137 Â 8 mm 3 . A total of 141 different organ/tissue and 53 different tissue materials have been defined in the phantom. Fig. 1 provides a sectional view of the MCNP model of this phantom. The properties of some organs of the phantom are presented in Table 2 [14]. To calculate the medical staff effective dose in Situation 1, two separate phantoms have been modeled simultaneously as the patient and the medical staff.
Calculation description
To calculate the medical staff effective dose, at first, the absorbed dose rates due to neutron and gamma radiation were determined separately for the 27 organs in the medical staff phantom (Table 2) using F6:n and F6:p MCNP cards. It is remarkable that the gamma dose is due to two components: primary gamma rays that are present in the beam line and secondary gamma rays that are induced in the tissues. These two gamma dose components have been calculated separately.
In the next steps, the equivalent dose and the effective dose have been calculated. The equivalent dose, H T (Sv/s), is defined as [15] :
where D T,R (Gy/s) is the average absorbed dose rate due to radiation of type R in the volume of a specific organ T and W R is the radiation weighting factor of radiation of type R. According to ICRP 103 [15] , the W R for gamma radiation is equal to 1 and for neutron radiation is as follows [15] :
where E is the neutron energy (MeV). In order to consider this continuous W R function for neutron dose, F6/DE6/DF6 MCNP cards were used to calculate the following quantity: 
The effective dose rate, E (Sv/s), is equal to the sum of equivalent dose (H T ) multiplied by the tissue weighting factors according to the following equation:
where W T is the tissue/organ weighting factor (Table 2 [15] ). It is remarkable that, to acquire acceptable statistical error (~5%), 10 8 particle histories were employed in all calculations.
Considered positions of the medical staff
As mentioned above, in each situation, the medical staff effective dose has been calculated in four different positions in the treatment room, as follows (see Fig. 1 ): (1) near the door of the irradiation room (facing Ày direction, centered at x ¼ 0 y ¼ 262 z ¼ À44); (2) at the center of the irradiation room (facing ey direction, centered at x ¼ 0 y ¼ 145 z ¼ À44); (3) at 200 cm from the beam port (facing ex direction, centered at y ¼ 27.13 z ¼ À44); and (4) close to the beam port on the left side of the patient (facing ey direction, centered at x ¼ À42 y ¼ 43 z ¼ À44). The dimensions of the treatment room were estimated as follows: centered at x min ¼ À100:
To consider possible scattered neutron and gamma particles from the irradiation room walls and floor, a 35-cm thickness of concrete has been assumed for walls and floor.
Results
Organ absorbed dose of medical staff
The calculated absorbed doses for desired organs (Table 2) related to Situations 1 and 2 are presented in Tables 3 and 4 , respectively. The results show that: (1) for both situations, the gamma absorbed dose is higher than the neutron absorbed dose in positions (A), (B), and (C) for most organs. This gamma dose is due to secondary gamma rays, which are produced from neutron interaction within the tissues (~90% of the total gamma dose); (2) for both situations, at points (A) and (B), gonads, bladder, and stomach have the maximum value of gamma absorbed dose. The gonad doses in Situation 1 are 0.33 mGy/s and 0.85 mGy/s at points A and B, respectively, and in Situation 2 are 1.2 mGy/s and 3.32 mGy/s; reminder organs, and bone surface have the maximum value of neutron absorbed dose, whereas the gonads have the maximum value of gamma absorbed dose. In Situation 2, the maximum gamma and neutron absorbed doses are related to reminder organs (0.4 mGy/s) and skin (5 mGy/s), respectively. Table 5 indicate that: (1) at points A and B, the breast has the highest and the reminder has the lowest value of H T in both situations. The breast doses in Situation 1 are 1.96 mSv/s and 3.35 mSv/s at points A and B, respectively; in Situation 2 these Table 4 Absorbed dose rate, (Gy/s), for desired organs of the medical staff in Situation 2 at A, B, C, and D positions (see Fig. 1 ). Table 5 Equivalent dose rate, H T (Sv/s), for desired organs of the medical staff in Situations 1 and 2 at A, B, C, and D positions (see Fig. 1 ). The calculated whole body effective doses are presented in Table 6 . As can be seen, the effective dose is highly dependent on the medical staff position. As expected, the presence of the patient in the medical room reduces the whole body effective dose of the medical staff in all positions. For example, at position C, the values of E are~4.7 mSv/s and 1.56 mSv/s in Situations 1 and 2, respectively, which indicates that the medical staff should not stand at this 
Organ equivalent dose
Organs/tissues Neutron W R ¼ W R (E) Gamma W R ¼ 1 Total Neutron W R ¼ W R (E) Gamma W R ¼ 1 Total Situation
Discussion
The results show that the medical staff effective dose is highly dependent on both the situation and the position. In Situation 1 at position C, the effective dose is~4.7 mSv/s, which indicates that this position should be considered a forbidden place, whereas the critical position in Situation 2, with a dose of~25.5 mSv/s, is position D.
Conclusion
Using the MCNP4C Monte Carlo code and two ICRP 110 voxel based male phantoms, the medical staff effective dose during BNCT has been calculated in two situations and at different positions in the irradiation room. The obtained results reveal that the position and the situation of the medical staff play important roles in the absorbed dose of each organ. Furthermore, the presence of the patient will reduce the absorbed dose of the medical staff. The maximum medical staff effective dose in the presence of the patient is~25.5 mSv/s. These results show that, to develop BNCT treatment method as a type of routine cancer therapy, the radiation protection issue should be considered. As accelerator-based BNCT systems are designed for use in hospitals, controlled entry into the medical room should be taken into account because hospitals are generally assumed to be public and safe places.
It is clear that in emergency conditions in which the medical staff needs to be in the irradiation room during exposure, the use of personal protective equipment and the presence of several staff members to assist the patient are necessary to reduce the effective dose. However, an automatic facility to move the patient bed out of the medical room in emergency conditions may be a useful approach to protecting the medical staff.
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